Two Aedes albopietus (mosquito) subclones, C7-10 and C6/36, were examined by immunofluorescence and immunoelectron microscopy for the distribution of Sindbis virus structural and non-structural proteins. Both the viral glycoproteins, E1 and E2, and the non-structural proteins, nsP1 and nsP2, were found within vesicles and electron-dense, amorphous matrices associated with Sindbis virus infection. The labelling patterns indicated that both replication of viral RNA and production of virus particles were localized within the same structures in the infected cell. The data support previous reports that alphavirus infection is contained within specific structures in the cytoplasm and provide additional evidence that the C6/36 and C7-10 subclones may represent different tissue types in the adult insect.
patterns indicated that both replication of viral RNA and production of virus particles were localized within the same structures in the infected cell. The data support previous reports that alphavirus infection is contained within specific structures in the cytoplasm and provide additional evidence that the C6/36 and C7-10 subclones may represent different tissue types in the adult insect.
As arthropod-borne viruses (arboviruses), the alphaviruses are cycled in nature through vertebrate and invertebrate hosts. Although these agents induce disease states in animal hosts, they infect insects with no long term deleterious effects. Based on this distinction, numerous studies have been undertaken to characterize the morphogenesis of alphaviruses in both vertebrate and invertebrate cell cultures.
Alphavirus infection of cultured vertebrate cells results in early shutdown of host cell macromolecular synthesis with ultimate cell lysis and death (Wengler, 1980) . In cultured mosquito cells, a more complicated scheme has emerged. Early morphogenetic studies of alphavirus infection, involving heterogeneous populations of Aedes albopictus cells derived from ground larvae (Singh, 1967) , revealed no cytopathology (Gliedman et al., 1975; Igarashi et aL, 1977; Luukkonen et al., 1977) . Similar studies performed with cell lines subcloned from these cultures have indicated that different populations of mosquito cells manifest a variety of cytopathic responses during the acute infection phase, yet each recovers to establish persistence in approximately the same time period (Miller & Brown, 1992; Tooker & Kennedy, 1981; Sarver & Stollar, 1977) .
Ultrastructural studies of two subcloned A. albopictus cell lines, C7-10 (Sarver & Stollar, 1977) and C6/36 (Igarashi, 1978) , both of which exhibit obvious cytopathology during acute infection, have allowed the identification of cellular structures associated with t Present address: USAMRIID Virology Division, Fort Detrick, Frederick, Maryland 21702, U.S.A.
0001-1196 © 1993 SGM alphavirus infection. Production of virus particles in these cellg is characterized by budding of nucleocapsids through the plasma membrane as well as the presence of vesicles containing mature virions which have apparently acquired lipid envelopes by budding through the vesicular membrane. These structures release internally matured particles by the fusion of vesicle membranes with one another and ultimately with the plasma membrane. Another structure associated with infection in these subcloned lines consists of an amorphous, electron-dense matrix in which naked nucleocapsids are embedded (Miller & Brown, 1992) . For the purpose of identifying how these structures are involved in the infection process, we have undertaken an immunofluorescence and immunoelectron microscope study of the morphogenesis of Sindbis virus (SV) in these cell lines.
The A. albopictus subclones used in this study were obtained from different sources but were derived from Singh's original larval isolates (Singh, 1967) . The C6/36 cell line was provided by Kenneth Ekels (Walter Reed Army Institute of Research, Washington, D.C., U.S.A.). The C7-10 cell line was provided by Victor Stollar (Rutgers Medical School, New Brunswick, N.J., U.S.A.). Cells were maintained in Eagle's MEM (Eagle, 1959) supplemented with 10% foetal calf serum (FCS), 2 mMglutamine and 5 % tryptose broth as previously described (Renz & Brown, 1976) .
The heat-resistant strain of Sindbis virus, SVHR (Burge & Pfefferkorn, 1966) , obtained from the collection of Elmer Pfefferkorn (Dartmouth Medical School, Hanover, N.H., U.S.A.), was used to infect the cells. Cell
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Short communication monolayers were infected using an m.o.i, of 100 p.f.u./ cell of SVHR for 1 h at room temperature. For mockinfected controls, identical monolayers were treated with 3 % FCS in PBS as a substitute for the virus suspension.
Antisera containing antibodies monospecific for each of the two virus envelope proteins or for each of the four virus non-structural proteins (Rice et al., 1982; Hardy & Strauss, 1988) were kindly provided by Dr Jim Strauss (California Institute of Technology, Pasadena, Ca., U.S.A.). The specificities of these antibodies were reconfirmed in this laboratory by immunoprecipitation and Western blots. Under the conditions used to characterize these antibodies in our laboratory, antisera previously determined to be specific for SV nonstructural proteins nsP3 and nsP4 failed to immunoprecipitate representative proteins (data not shown) and were not included in the immunoassays.
Cells adherent to glass coverslips were infected with SVHR as described above. At 20 h after infection, cells were washed in PBS and either fixed in 4.0% paraformaldehyde and 1.0 % glutaraldehyde in Sorensen's phosphate buffer (pH 7.4) for 2 h at room temperature and permeabilized with 1.0% Triton X-100 or flooded with ice-cold acetone, held at -20 °C for 15 min, airdried and rehydrated in PBS. All cells were blocked for 20 min with 10% normal goat serum (NGS) in PBS and incubated in primary antibody preparations diluted in 1.0% NGS in PBS. (All antibody solutions were preadsorbed against acetone-precipitated cell extracts and on intact monolayers.) After several washes in PBS, cells were incubated in a solution containing secondary antibody conjugated to biotin. Cells were finally incubated, after another PBS wash phase, in streptavidin conjugated to fluorescein isothiocyanate (Bethesda Research Laboratories). Coverslips were mounted on glass slides in anti-quenching mounting medium (Johnson & de C. Noguiera Araujo, 1981) containing 1,4-phenylenediamine (Aldrich). Cells were examined in a Zeiss ICM 405 microscope equipped for epifluorescence.
For immunoelectron microscopy, cells were infected with SVHR as described and pelleted in PBS. The cell pellets were fixed in 4.0 % paraformaldehyde and 0.5 % glutaraldehyde in 0.1 M Sorensen's phosphate buffer (pH 7-3, prepared fresh) for 4 h at room temperature. The washed samples were dehydrated in a graded ethanol series to 75 % ethanol. The specimens were infiltrated with a 3:1 LR White (Ladd Research Industries) resin: 75 % ethanol mixture, followed by 100 % resin for 1 h and an overnight incubation in another change of 100% resin at room temperature. Samples were polymerized at 55 °C for 24 h. Thin sections were collected onto carbon-coated parlodion films supported by 300-mesh hexagonal nickel grids. Samples were blocked for 15 min on drops containing either 10% NGS, 4% BSA or 1.0 % non-fat dry milk (Carnation), each diluted in Tris buffer (0.02 M-Tris-HCI pH 7.3, 0.5% Tween 20, 0'5% Triton X-100 and 0"5 M-NaC1). Grids were transferred to 10 gl drops composed of primary antibody diluted 1 : 50 in Tris buffer. (All antibody solutions were preadsorbed against acetone-precipitated cell extracts and against intact cells.) After a 1.5 h incubation at room temperature in a humidity chamber, grids were washed three times for 10 min with Tris buffer. Grids were then floated onto drops containing goat anti-immunoglobulin conjugated to 10 nm gold beads (Ladd Research Industries), diluted 1:10 in Tris buffer. Sections were stained with uranyl acetate and photographed in a Jeol 100CX transmission electron microscope operated at an accelerating voltage of 60 kV.
Treatment of infected C7-10 cells with antibodies to either viral glycoprotein E1 or E2 produced an identical pattern of fluorescence throughout the cytoplasm and cellular processes. No perinuclear concentration was apparent, although there were regions of more intense fluorescence in the cytoplasm in some cells (Fig. 1 a) . The nuclei were not labelled.
Infected C7-10 cells treated with antibodies to virus non-structural protein nsP1 manifested a faint but distinct fluorescence response (Fig. 1 b) . The cytoplasm was stained in localized regions around the nucleus with some cells revealing a slight perinuclear concentration. A feature of these cells was a hazy nuclear labelling with a dot of intense fluorescence, possibly corresponding to the nucleolus.
The pattern of fluorescence produced in SVHRinfected C7-10 cells treated with antiserum containing nsP2 antibodies was similar to the labelling pattern seen in cells treated with nsP1 antibodies. Small foci of fluorescence outlined the nuclei and were apparent in the outlying cytoplasm. A dot of fluorescence was visible in the nuclei (Fig. 1 c) .
SVHR-infected C6/36 cells treated with antibodies to E1 or E2 showed fluorescence throughout the cytoplasm in a pattern identical to that observed in C7-10 cells (data not shown).
Treatment of these cells with antibodies to nsP1 produced a pattern of fluorescence throughout the cytoplasm with a few foci of more intense label. However, unlike C7-10 cells treated with antibodies to nsP1, these nuclei showed no fluorescent staining (data not shown).
The staining pattern produced by addition of antibodies against nsP2 to SVHR-infected C6/36 cells was similar to that observed in cells treated with anti-nsP1. However, the signal was conspicuously more intense and foci were obvious throughout the cytoplasm (data not shown). The nuclei were clear.
At the ultrastructural level, treatment of thin sections of infected C7-10 cells with antibodies against either viral glycoprotein E1 or E2 produced a very distinct distribution of gold beads. Vesicles containing structures associated with the infection were densely labelled with beads (Fig. 2a, b) , as were mature particles within the cells (Fig. 2 d) and at the cell exterior (Fig. 2 b) . Structures containing the amorphous matrix in which nucleocapsids were embedded were also labelled with antibodies to either glycoprotein (Fig. 2c) . Nuclei, mitochondria and structures associated with the endoplasmic reticulum and Golgi apparatus were not labelled. The cytoplasm appeared free of specific signal.
The results of the application of antibodies against the viral glycoproteins to infected C7-10 cells are in agreement with the data from the corresponding immunofluorescence studies. There was an absence of nuclear staining and no intense fluorescence in the perinuclear region. However, foci of signals were observed throughout the cytoplasm, correlating with the clustering of beads within vesicles and matrices.
SVHR-infected C7-10 cells treated with antibodies specific for nsP1 yielded inconclusive results at the ultrastructural level. The amount of label was very small but the few beads observed on cells appeared to associate with the vesicular structures involved in viral infection (data not shown). No other cytoplasmic structures were labelled and no specific pattern of gold beads within the nucleus was apparent.
A distinct labelling pattern was displayed in thin sections of infected C7-10 cells reacted with anti-nsP2 serum. A dense clustering of beads within both the vesicles and matrices associated with infection was evident with a minimal distribution of label throughout the cytoplasm (Fig. 3 a) . An obvious labelling of mature particles, both within internal vesicles and at the cell exterior, was also revealed (Fig. 3b) . There was no evidence of nuclear label and no apparent association of beads with any organelles.
There are discrepancies between these results and the corresponding immunofluorescence data. The dot of label seen in the nuclei of C7-10 cells at the fluorescence level was not observed with immunoelectron microscopy. This may be due to the possibility that the cells observed in this study failed to be sectioned through the specific nuclear planes that would expose antigens similar to those recognized at the fluorescence microscopic level. A significant amount of antigenicity may have been lost as well, in processing of the cells for electron microscopic observation.
Also, a possible perinuclear fluorescence observed in anti-nsP1 treated cells was unsubstantiated by ultrastructural analysis. However, several foci of fluorescence were detectable in the cytoplasm and, given the limits of resolution of the fluorescence microscopy experiments, the possible perinuclear concentration may actually represent the labelling of vesicles and matrices around the nucleus. A perinuclear concentration of fluorescence was not found in anti-nsP2-treated C7-10 cells. This may reflect the greater intensity of labelling by this antibody overall and an increased level of signal throughout the cytoplasm, in comparison to labelling with anti-nsP1, as has been observed in similarly infected baby hamster kidney (BHK) cells (M. L. Miller & D. T. Brown, unpublished) .
The ultrastructural labelling pattern of infected C6/36 cells reacted with antibodies to viral glycoproteins E1 or E2 appeared indistinguishable from that seen in infected C7-10 cells (data not shown). These data also correlate well with the corresponding fluorescence studies. A total cytoplasmic signal was detected with some foci dis- cernible by i m m u n o f l u o r e s c e n c e . T h e s e loci m o s t likely represent vesicles a n d m a t r i c e s c o n t a i n i n g viral c o mp o n e n t s .
T r e a t m e n t o f thin sections o f infected C 6 / 3 6 cells w i t h a n t i s e r u m against nsP1 p r o d u c e d i n c o n c l u s i v e results r e s e m b l i n g those o b s e r v e d in similarly t r e a t e d C7-10 cells (data not shown). This may be due to the low level of nsP1 produced during SV infection in these cells, an observation supported by the weak signal displayed after corresponding use of this serum for fluorescence staining. Also, some antigenicity may be lost during processing.
Addition of antiserum specific for nsP2 to infected C6/36 cells yielded a noticeably greater amount of signal on sectioned cells, but this was still minimal in relation to similarly probed, infected C7-10 cells. Gold beads were localized within structures associated with infection inside the cells and decorated mature particles inside and outside the cells (data not shown). These observations are in agreement with results of corresponding immunofluorescence experiments. Infected C6/36 cells treated with anti-nsP2 demonstrated a stronger fluorescence with more obvious foci of signal than did infected C6/36 cells exposed to anti-nsP1 serum.
Mock-infected cells incubated with each of the antibodies as described for infected cells displayed insignificant background label at the immunofluorescence and ultrastructural levels. Controls in which the primary antibody was not used or substituted with preimmune serum showed no specific labelling by the secondary antibody (data not shown).
The immunolabelling data presented here have revealed that both the structural and non-structural proteins were localized within both of the structures associated with viral infection. Their absence from other organelles or membranous structures suggests that the structures associated with viral infection may represent viral 'factories', originally described by Gliedman et al. (1975) , in which all of the components necessary for virus production may be found.
Localization of nsP1 and nsP2 in the nuclei of C7-10 cells at the fluorescence level is unprecedented and the observation that the nuclei of C6/36 cells failed to be labelled in a similar manner is even more unusual. This provides yet another distinction between these two subclones and additional evidence that they may represent different tissue types in the adult insect, as has been suggested by previous studies (Condreay & Brown, 1986 Miller & Brown, 1992) .
The nsP2 has been localized to the nuclei in Semliki Forest virus-infected BHK cells (Peranen et al., 1990) , an observation supported in a study of SV infection in BHK cells conducted in this laboratory (M. L. Miller & D. T. Brown, unpunished) . If the nuclear labelling in vertebrate cells is significant, possibly nsP2 serves a similar function in the nuclei of C7-10 cells, which may explain why the cytopathology manifested in alphavirus-infected C7-10 cells most closely resembles that observed in vertebrate cells. The explanation offered for the mechanism of action of the viral non-structural proteins in the nuclei of vertebrate cells involves the shutdown of host macromolecular synthesis (Peranen et al., 1990) . However, nsP 1 and nsP2 in the nuclei of C7-10 cells obviously do not arrest host macromolecular synthesis, since these cells survive the infection and viral replication is dependent upon continued synthesis of certain host functions which are as yet undefined Erwin & Brown, 1983; Scheefers-Borchel et al., 1981) .
The inability to label structures as intensely at the electron microscopic level with antiserum to nsP1 in mosquito cells, as compared to anti-nsP2, is not understood, since we have found that greater amounts of nsP1 are immunoprecipitated from infected mosquito cells, compared to nsP2 (data not shown). These immunoprecipitations also reveal that C7-10 cells may produce more of these two non-structural proteins overall than do C6/36 cells. The minimal amount of signal detected on sections of anti-nsPl-treated cells placed nsP1 within the two types of structures associated with viral infection.
The interesting observation from the use of anti-nsP2 application is that not only were both structure types heavily decorated, but mature virions both within and outside the cell were also specifically labelled. These observations suggest that this viral non-structural protein may also function in some way in the assembly of mature virus particles. It is more likely, however, that the labelling of virions with antibodies against nsP2 is the result of a non-specific association of non-structural proteins with mature particles within intact structures and following release of the contents of these inclusions to the cell exterior.
